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1 INTRODUCTION 
The ecosystems of riparian zones have high levels 
of biodiversity and the growing awareness of the 
ecological importance of these zones has resulted 
in the objective to maintain the functionality of 
channel and floodplain ecosystems (e.g. Horn & 
Richards, 2007). Riparian vegetation is an integral 
part of these ecosystems covering a wide range of 
conditions from highly flexible low grass to dense 
bushes to trees with rigid stems. However, vegeta-
tion increases flow resistance, changes backwater 
profiles, and modifies sediment transport and de-
position (Yen, 2002). Hence, vegetation also plays 
a key role for flood risk assessment and sediment 
transport studies. Thus, it is indispensable to de-
velop sustainable river management strategies 
which are in accordance with both flood plain 
management and ecology. The key to developing 
such strategies is the identification and assessment 
of physical processes dominating the complex in-
teraction between water flow and vegetation. 
The hydraulic resistance of vegetated channels 
depends on many factors including vegetation 
density, volumetric and areal vegetation porosi-
ties, seasonality, foliage, plant morphology, pat-
chiness, age, plant mechanical properties, and bed 
surface friction. In traditional approaches vegeta-
tion has been typically reduced to boundary 
roughness by combining all sources of flow resis-
tance, including vegetation, into a single bulk 
roughness coefficient. Such bulk coefficients have 
been used widely in the analysis of practical engi-
neering problems and are typically selected with 
the help of reference publications (e.g., Chow, 
1959; Hicks & Mason, 1999). However, bulk ap-
proaches are appropriate for one-dimensional con-
siderations only and a detailed investigation of the 
influence of the vegetation on flow resistance us-
ing this approach is not possible (e.g., James et al. 
2004, Wilson et al. 2006). 
Based on the superposition principle (e.g., Yen, 
2002) it is possible to distinguish between the 
contribution of surface friction and form drag to 
total flow resistance. Considering steady uniform 
Hydraulic resistance of vegetated flows: Contribution of bed shear 
stress and vegetative drag to total hydraulic resistance 
T. Schoneboom, J. Aberle & A. Dittrich 
Leichtweiß-Institute for Hydraulic Engineering and Water Resources, Technische Universität 
Braunschweig, Braunschweig, Germany 
ABSTRACT: Hydraulic resistance of floodplain flows depends on both drag forces exerted by vegetation 
elements and bed friction. Until today, the contribution of bed shear stress to total hydraulic resistance has 
often been neglected in hydraulic flume investigations. This has been justified with the dominance of 
form drag over surface friction for densely vegetated flows. However, in riparian forests where shrubs 
and bushes are predominant, vegetation density can be relatively low. Therefore, neglecting bed shear 
stress contribution can result in a significant underestimation of total flow resistance. The objective of this 
paper is to investigate the contribution of bed shear stress to the overall flow resistance for vegetated 
flows. Drag forces acting on up to 10 flexible vegetation elements were measured directly and simulta-
neously with specifically designed drag force measurement sensors in laboratory experiments. The mea-
surements were carried out for three different vegetation densities, two vegetation patterns, mean flow ve-
locities ranging from 0.1 to 0.7 m/s, and just submerged flow conditions. The hydraulic and drag force 
data are used to estimate bed shear stress and to assess its contribution to total hydraulic resistance depen-
dent on vegetation density, vegetation pattern and hydraulic conditions. Existing relationships for the hy-
draulic resistance of vegetated flows are tested and the significance of plant specific parameters such as 
streamlining is highlighted. 
Keywords: Vegetation, Flow resistance, Bed shear stress 
River Flow 2010 - Dittrich, Koll, Aberle & Geisenhainer (eds) - © 2010 Bundesanstalt für Wasserbau ISBN 978-3-939230-00-7
269
  
flow in a control volume with unit width and 
equating the driving force (downslope weight 
component of the water in the volume) with the 
resisting force of the bed and the vegetation ele-







= +ρ τ  (1) 
where ρ = water density, g = gravitational accele-
ration, h = flow depth, S = slope, <FD> = spatially 
averaged plant drag force, τ0' = bed shear stress, 
and ax, ay = longitudinal and transversal spacing 
of the vegetation elements, respectively. Note that 
in Eq.(1) the canopy porosity has been neglected. 
The vegetative drag acting on a single element is 
usually defined as 
21
2D D p c
F C A u= ρ  (2) 
where CD = drag coefficient, Ap = plant projected 
area, and uc = characteristic approach velocity. 
The use of this formulation is straightforward for 
simple-shaped rigid objects such as cylinders. 
However, for complex-shaped natural vegetation 
CD and Ap are difficult to determine.  
Within a canopy the application of Eq.(2) be-
comes even more complicated as the approach ve-
locity is not the undisturbed one. Therefore, Ar-
manini et al. (2005) and Kothyari et al. (2009) 
recommend using the cross-sectionally averaged 
flow velocity as characteristic velocity uc while 
Stone & Shen (2002) recommend using the max-
imum depth averaged velocity between stems. 
However, the latter depends on plant arrangement 
and is difficult to estimate for random plant ar-
rangements.  
A further problem is associated with the esti-
mation of the drag coefficient CD. In many stu-
dies, CD-values have been used which were de-
termined in experiments with single isolated stems 
(or cylinders) as a function of stem Reynolds 
number. However, these CD-values are not appro-
priate for natural flexible vegetation elements and 
depend on the definition of plant projected area 
and approach velocity (e.g., Statzner et al., 2006). 
Furthermore, the flow structure in a canopy differs 
substantially from the flow structure around a sin-
gle isolated element as wake flow and sheltering 
effects dominate the flow pattern.  
Methods for the calculation of the drag coeffi-
cient for arrays of cylinders have been developed 
by, e.g., Li & Shen (1973) and Lindner (1982) and 
recent studies of Poggi et al. (2004) and Tanino & 
Nepf (2008) showed that the drag coefficient CD 
of rigid rods decreases in canopy flows monotoni-
cally with the local stem Reynolds number due to 
sheltering effects. This finding is in contrast to the 
classical behavior of an isolated cylinder for 
which the drag coefficient reaches a plateau for 
stem Reynolds numbers ≥ 1000. Hence it is ques-
tionable if drag coefficients estimated from stu-
dies with a single vegetation element can be ap-
plied unambiguously in canopy studies. It is also 
not clear how the drag coefficient can be esti-
mated appropriately for flexible and naturally 
shaped vegetation elements.  
From experiments with single elements it is 
known that flexible plants bend and adapt to the 
flow, resulting in a more hydrodynamic shape and 
a reduction of flow resistance compared to stiff 
vegetation elements (e.g., Vogel, 1994, Järvelä, 
2004; Wilson et al., 2008). This deformation di-
rectly affects the CD-value, plant projected area 
Ap, and the wake flow structure. Thus, within a 
canopy, the vegetation elements may bend and de-
form slightly different and therefore one could ex-
pect slightly varying drag forces. This indicates 
the need for specifically designed experiments in 
which drag forces exerted by vegetation elements 
in the canopy are measured directly so that the 
spatial distribution of drag forces can be investi-
gated. Eq.(1) further shows that such measure-
ments are useful to determine bed shear stress in 
canopy flows (see also Aberle et al., 2010). Until 
today, the contribution of bed shear stress to total 
hydraulic resistance has often been neglected in 
hydraulic flume investigations. This has been jus-
tified with the dominance of form drag over sur-
face friction for densely vegetated flows. Howev-
er, in riparian forests where shrubs and bushes are 
predominant, vegetation density can be relatively 
low. 
The main objective of this paper is to investi-
gate the spatial variability of drag forces within a 
canopy composed of flexible elements. Based on 
preliminary results from specifically designed ex-
periments, the spatial drag force variability will be 
discussed with regard to the canopy pattern. The 
data will also be used to assess bed shear stress 
contribution to overall resistance and to test ap-
proaches found in the literature for estimating 
flow resistance within canopies. 
2 EXPERIMENTAL SETUP 
Experiments were carried out in a 32 m long, 
0.6 m wide and 0.4 m deep tilting flume in the la-
boratory of the Leichtweiß-Institute for Hydraulic 
Engineering and Water Resources, Technische 
Universität Braunschweig, Germany. In the expe-
riments, the discharge Q was controlled by a valve 
and measured by an inductive flow meter. Water 
depth in the flume was adjusted by a tailgate lo-
cated in a distance of 25 m to the flume inlet. Ten 
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piezometers installed along the flume allowed for 
water level measurements. These measurements 
were used to calculate water surface slope from 
linear regression and water depth h. The latter was 
obtained by subtracting the local flume bottom 
height from the piezometer readings as the flume 
tilted around its downstream end. The bed rough-
ness consisted of a rubber mat with 3 mm high py-
ramidal shaped roughness elements. 
In order to ensure fully developed canopy flow 
conditions, the canopy was constructed with a to-
tal length of 18.5 m starting at a distance of 6 m 
from the flume inlet. The canopy consisted, de-
pending on the investigated plant pattern, of up to 
450 identical artificial poplars. The 23 cm high ar-
tificial plants (see Figure 1), described in detail in 
Schoneboom & Aberle (2009), are composed of a 
3 mm thick coated wire stem, a blossom, and four 
branches with three leaves each. The leaves are 
made of fully flexible dyed textile and the single 
sided leaf area varies between 14.32 to 57.6 cm2 
with a total cumulative leaf area of 373.57 cm2. It 
is worth mentioning that the results described in 
Schoneboom et al. (2008) indicate that the flex-
ural rigidity of the artificial poplar is similar to its 
‘natural’ counterpart. The artificial plants were 
used to ensure that the plant characteristics do not 
change during the experiments. 
The experiments were carried out with both in-
line (L) and staggered (S) canopy arrangements 
and three different vegetation densities of 11.1, 
25, and 44.4 plants/m² (spacing between plants 
ax/ay = 0.3/0.3 m, 0.2/0.2 m, and 0.15/0.15 m, re-
spectively). Figure 2 provides an overview of the 
investigated vegetation patterns in the 1.5 m long 
test section which is located at a distance of 15.1 
m to the flume inlet. In case of the densest vegeta-
tion pattern, the canopy length was reduced to a 
total length of 10 m starting at a distance of 10 m 
from the flume inlet due to the limited number of 
available vegetation elements. For the staggered 
pattern, some plants had to be placed close to the 
flume wall (see Figure 2). Thus, to ensure a con-
stant plant density and a homogeneous leaf mass 
distribution six of the twelve leaves were removed 
from these plants. In addition, the plant blossom 
was removed from every second 'half-plant'. The 
additional stem in every other row affects the 
overall flow resistance only marginally due to the 
low stem diameter of 3 mm (see also Schoneboom 
& Aberle, 2009). 
 
Figure 1: Setup of DFS test section and artificial poplars un-
der flow action. 
Drag forces exerted on the vegetation elements 
were measured with up to 10 drag force sensors 
(DFS) described in Schoneboom et al. (2008). The 
DFS were mounted in a box below the flume bot-
tom in the test section (Figure 1). This setup en-
sured that the DFS did not disturb the flow and 
that they could be easily rearranged to match the 
corresponding plant patterns. The vegetation ele-
ments attached to the DFS are highlighted in Fig-









Figure 2. Vegetation setup in the measurement section (top 
view). Left side staggered; Right side in-line. Lateral and 
horizontal spacing in top-down direction 30, 20, 15 cm. Ve-
getation elements highlighted in grey were attached to DFS. 
In contrast to the DFS setup described in 
Schoneboom et al. (2008), the sampling rate was 
reduced to 200 Hz in the present experiments. For 
the measurements, the DFS were synchronised 
and drag forces were recorded for a sampling in-
terval of 60 s. Each measurement was repeated 
two times. These repeating experiments showed a 
high degree of reproducibility. Furthermore, a pre-
liminary time series analysis showed that the 
mean value of the drag forces became, in general, 
stable after a sampling time of 30 s (not shown 




All experiments were carried out with steady 
uniform and just submerged flow conditions. In 
order to achieve these flow conditions, discharge, 
flume slope, and water depth were adjusted so that 
the deflected plants were just submerged (see Fig-
ure 1) and that the average water surface slope 
was identical to bed slope in the test section. The 
hydraulic boundary conditions are summarised in 
Table 1 (see end of paper) showing that 5 to 7 dif-
ferent flow conditions were investigated for each 
plant arrangement. Mean flow velocities, calcu-
lated by the continuity equation (neglecting vege-
tation volume) varied between um = 0.11 - 
0.78 m/s and the water depth varied between h = 
0.25 m -0.20 m. It is worth mentioning that the 
flow depth exceeds the blossom of the plant at the 
top of the element by approximately 2 cm because 
a part of the upper leaves were bent towards and 
penetrated through the water surface. As a conse-
quence, the water depth was increased to ensure 
that the top parts of the plans were just sub-
merged.  
3 RESULTS & DISCUSSION 
In the following we present data that enables the 
investigation of the spatial variability of the drag 
forces and the performance of existing approaches 
for the determination of flow resistance in cano-
pies.  
3.1 Drag forces 
Figure 3 shows the time averaged drag forces 
measured for the staggered (full symbols) and in-
line (open symbols) setup with the lowest density 
(30 x 30 cm) for various mean flow velocities. 
The figure reveals a large variability of the meas-
ured drag forces for both arrangements. For se-
lected plants, the relationship between FD and um 
is shown in Figure 4 for experimental series 30S 
(for visual clarity only the drag forces measured 
by DFS01 – DFS05 are shown). Figure 4 shows 
that the individual relationships between FD and 
um were approximately linear although some scat-
ter was observed. The gradient of the straight lines 
varied between the elements and this variation 
was associated with plant deformation and shelter-
ing effects. In fact, for the flexible elements used 
in this study the maximum variation of the drag 
force within the canopy corresponded to more 
than 50%. Visual observations showed that the 
vegetation elements did behave and deform diffe-
rently although the individual elements were iden-
tical and great care was given to plant arrange-
ment during the experimental setup to ensure that 
all canopy elements were aligned similarly.  
Figure 3: Spatial variability of drag forces exemplarily 
shown for setups 30S (full symbols) and 30L (open sym-
bols). Each circle indicates a DFS element; lines indicate 
spatially averaged drag forces. 
Figure 4 Drag force variability dependent on DFS 
Independent of the plant arrangement it was 
found that the coefficient of variation (or norma-
lized random error; defined as the standard devia-
tion of the drag force measurements divided by 
the spatially averaged drag force; Bendat & Pier-
sol, 2000) decreased with increasing flow veloci-
ty. This means that the drag force variability was 
larger for low flow velocities than for higher ones.  
The observed spatial drag force variability in-
dicated that it is difficult to estimate the spatially 
averaged drag force considering the drag force ex-
erted on only a single element. Inasmuch this re-
sult applies to rigid vegetation elements (cylind-
ers) will be investigated in further experiments 
which are currently carried out. 
Despite the observed spatial variability of drag 
forces, the spatially averaged drag force <FD> fol-
lowed a linear relationship with mean flow veloc-
ity (solid and broken lines in Figure 3). The linear 
relationship was also confirmed by the results of 
our further measurements shown in Figure 5. A 
linear relationship between FD and um has also 
been reported in studies carried out with isolated 
flexible elements by (e.g., Fathi-Maghadam & 
Kouwen, 1997, Oplatka, 1998, Armanini et al., 
2005, Wilson et al., 2008). Measurements with an 
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isolated artificial poplar are also shown in Figure 
5 and are in agreement with these findings. 
 
 
Figure 5 Spatially averaged drag forces as a function of 
mean velocity. 
The linear relationship between FD and um is 
generally associated with plant flexibility and de-
formation. In this context it is worth mentioning 
that the linear extrapolation of the FD - um rela-
tionship towards the origin would result in nega-
tive drag forces for low velocities. This is a strong 
indicator that the linear relationship is only valid 
for larger flow velocities. This was also observed 
by Oplatka (1998) reporting that for very low flow 
velocities the FD - um relationship of flexible sin-
gle vegetation elements follows a squared rela-
tionship (i.e., FD ~ um2). In this case, the flow 
force is too low to deform the plants and hence the 
plants act as rigid bodies. The influence of plant 
deformation mechanisms on the FD - um relation-
ship has also been highlighted in Schoneboom & 
Aberle (2009). 
Our data further suggests that the drag forces 
were consistently larger for the staggered than for 
the in-line pattern (Figure 5). It is also interesting 
to note that the FD - um relationships collapsed on 
single lines for the staggered and in-line setup, re-
spectively. The observed difference in drag forces 
indicates the importance of the flow structure 
within canopies (e.g., Li & Shen, 1973) affecting 
the approach velocity of individual plants, plant 
deformation (i.e., plant projected area) and as a 
consequence the CD-values. In fact, our results in-
dicated that drag force within a staggered pattern 
was, for comparable mean velocities, consistently 
1.23 times larger compared to an in-line pattern. It 
is interesting to note that the FD - um relationship 
for an isolated artificial poplar coincided with the 
FD - um relationship of the in-line arrangement 
(Figure 5). The reason for this is not yet clear and 
this issue will be further investigated by analyzing 
the flow field which has been measured using 
Acoustic-Doppler Velocimetry (ADV). This anal-
ysis will be enhanced by considering the drag 
coefficients CD which will be estimated using in-
formation on plant projected area as Ap was rec-
orded during the experiments for each vegetation 
element using a submersible camera. 
3.2 Bed shear stress 
Figure 6 shows the bed shear stress τ0', calculated 
using equation (1), as a function of the total stress 
ρghS. The figure shows that the bed shear stress 
increased with increasing total stress for both 
vegetation patterns and that the absolute value of 
bed shear stress depended on the vegetation spac-
ing. For comparable total stresses, bed shear stress 
was, in general, largest for the lowest density and 
lowest for the densest canopy. Moreover, bed 
shear stress was larger for the in-line setup than 
for the staggered pattern for comparable densities. 
This follows also from Figure 5 where it was 
shown that <FD> was larger for the staggered 
than for the in-line setup.  
However, the data shown in Figure 6 did not 
follow a systemic pattern and some scatter was 
present which we associate with the flow pattern 
and plant morphology. In this context it is worth 
mentioning that the plant shape allowed the for-
mation of a sub-canopy flow as the leaf density 
close to the bed was relatively low (see Figure 1). 
Hence, the near bed flow velocity may resemble a 
jet flow regime and may be larger than the depth 
averaged flow velocity resulting in larger bed 
shear stress (e.g., Bölscher et al., 2005). This issue 
will also be investigated in our further analyses.  
 
 
Figure 6 Bed shear stress as a function of total stress. 
 
A closer analysis of the bed shear stress re-
vealed that the minimum and maximum contribu-
tion of bed shear stress to total stress corre-
sponded to 5% and 25%, respectively. The 
relatively large contribution of the bed shear stress 
to the total stress suggests that bed friction should 
not be neglected when investigating vegetated 
flows. A similar conclusion has been drawn by 
Righetti (2008) who found that the plant drag per 
unit bed surface is of the same order of magnitude 
as the shear resistance at the bed. 
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3.3 Flow resistance 
It is common practice to express flow resistance in 
terms of the Darcy-Weisbach friction factor f. For 
vegetated flows there is the need to distinguish be-
tween surface friction and form drag using the su-
perposition principle f = f' + f'' (e.g., Yen, 2002). 






u a aρ=  (4) 
and the friction factor representing bed friction f ' 
can be calculated using the information on bed 







= τρ  (5) 
Existing approaches for the determination of 
the total flow resistance are based on the assump-
tion that bed friction can be estimated using stan-
dard flow resistance formulae such as the Chézy-
equation (e.g., Baptist et al. 2007), the log-law 
(e.g., DVWK 1991; Mertens 2006) or the Strickler 
relation (e.g., Huthoff, 2007). Using our bed shear 
stress estimates it is possible to test the perform-
ance of these approaches. In the following, we fo-
cus on the log-law and the Strickler relation which 
are defined as:  
8 1 6 27= +hln .
f ' kκ  (6) 
and 
1
68 16 2 h
f ' k
⎛ ⎞= ⎜ ⎟⎝ ⎠  (7) 
respectively. In these equations, κ defines the 
Karman constant (κ = 0.4) and k the geometric 
roughness height (k = 0.003 m).  
Figure 7 shows the measured and calculated f '-
values (using equations 6 and 7) as a function of 
the relative submergence h/k. The figure shows 
that both the Strickler formulation (eq. 7) and the 
log-law (equation 6) underestimate f '. At a first 
glance, this difference may be surprising. Howev-
er, the overall resistance causing the water level h 
is composed of form drag and surface friction. Re-
sistance laws such as the log-law are based on the 
assumption of 2D-flow conditions with surface 
friction as predominant source of energy loss and 
the existence of a logarithmic velocity profile. 
Such flow conditions do not prevail in vegetated 
flows where form drag plays an important role. 
For example, considering a 2D-flow where sur-
face roughness is the only source of friction the 
application of Eq. (6) yields, for a given water 
depth, a certain discharge. If additional form 
roughness is present the discharge is reduced for 
the same water depth. Thus, as the bed roughness 
is not the only source of energy loss, equation (6) 
will not give the correct friction factor. In fact, our 
results showed that the effect of bed friction is 
generally underestimated using Eqns. (6) and (7). 
 
 
Figure 7 Observed and calculated surface friction as a func-
tion of relative submergence. 
Furthermore, our results indicated that surface 
friction increased with increasing relative submer-
gence. On the other hand, according to equations 
(6) and (7), the friction factor f ' decreases with in-
creasing water depth for 2D-flow conditions. This 
somehow unexpected result shows the need for 
further investigations focusing on the complex in-
teraction between near bed flow, surface structure 
and form drag. In fact, it is not yet clear inasmuch 
plant deformation and plant morphology affects 
the results shown in Figure 7. In order to explore 
this issue further, we plan additional experiments 
with a rigid rod canopy.  
As indicated by Eq. (4), form drag is often ex-
pressed in terms of f ''.Our drag force data allowed 
the direct estimation of f '' while in other studies 
formulations for f '' have been derived neglecting 
bed surface friction. Besides, relationships derived 
for rigid rod canopies are not directly applicable 
to canopies composed of flexible elements. In the 
literature, only a few approaches are found which 
can be used to assess the form drag friction factor 
f '' taking into account plant specific parameters. 
For example, Kouwen & Fahti-Moghadam (2000) 
and Järvelä (2006) reported f '' - um relationships 
that can be well described by a power law. The 
approach of Kouwen & Fahti-Moghadam (2000) 
requires information on the vegetation index 
which depends on the resonant frequency, mass, 
and length of a tree. This information is not neces-
sarily available and complicates the application of 
this approach. The approach of Järvelä (2004) is 
relatively straightforward and can be calibrated 










⎛ ⎞⎜ ⎟⎜ ⎟⎝ ⎠
 (8) 
with Cdχ = species specific drag coefficient, LAI = 
leaf area index, Uχ  = lowest mean flow velocity 
used when determining χ, χ = species specific ve-
getation parameter, and hp = deflected plant 
height.  
Figure 8 shows the friction factor f '' norma-
lized with leaf area index (LAI) as a function of 
U/Uχ. The shape of the curves are similar to the 
shape of the f '' - um relationships shown in Järvelä 
(2006) for natural flexible vegetation. Our data 
showed distinct differences between the in-line 
and staggered setup which are associated with the 
aforementioned differences in drag forces (see 
Figure 5). Therefore, calibrating Eq. (8) resulted 
in Cdχ = 0.40, χ = -0.875, and Uχ = 0.11 m/s for 
the staggered and Cdχ = 0.28, χ = -0.765, and Uχ = 
0.13 m/s for the in-line setup, respectively. These 
values are in the same order of magnitude as the 
values reported by Järvelä (2006) for natural vege-
tation. 
Deriving Eq. (8), Järvelä (2004) assumed that 
the influence of plant arrangement in case of 
dense vegetation is insignificant but did not pro-
vide an exact value for the density limit. Further-
more, Järvelä (2002) reported that different spac-
ing for the same number of leafless willows with 
grasses did not have a significant effect on the 
friction factor in his experiments. Fathi-
Maghadam & Kouwen (1997) stated that, for non-
submerged flow, the vegetation density is always 
a dominant parameter regardless of tree species or 
foliage shape and distribution. On the other hand, 
Li & Shen (1973) reported larger flow resistance 
for rigid rod canopies for staggered than for in-
line patterns. The same was found in our study 
with relatively sparse distributions. Thus, these 
somewhat contradicting results indicate that the 
density and pattern issue should be explored in 
more detail in further research.  
 
 
Figure 8 Friction factor f”/LAI as a function of Um/UΧ for 
staggered (full symbols) and in-line arrangement (open 
symbols). 
4 SUMMARY AND CONCLUSIONS 
The results presented in this paper highlight the 
importance of bed surface friction as well as vege-
tation pattern for the estimation of flow resistance 
in riparian zones. Using data from specifically de-
signed experiments the spatial variability of drag 
forces exerted by flexible vegetation elements 
within a canopy was shown. In accordance with 
the findings for single flexible elements it was 
found that the spatially averaged drag force in-
creases linearly with flow velocity and that the re-
lationships for individual plants are also almost li-
near. However, the gradients for these individual 
relationships varied considerably indicating the 
complex flow structure within flexible canopies.  
The results further revealed an influence of the 
plant pattern on both drag forces and flow resis-
tance. It was found that flow resistance and drag 
forces exerted by the vegetation elements were 
larger for the staggered than for the in line-pattern. 
Similarly, it was found that bed shear stress is in 
general larger for the in line setup than for the 
staggered setup. In the experiments, bed surface 
friction was not negligible, as the maximum con-
tribution of bed friction to total resistance was up 
to 25%. The analysis of bed friction also revealed 
that existing approaches underestimate bed fric-
tion.  
In our future analysis we will investigate this 
issue in more detail using ADV-data and taking 
into account plant flexibility. The ADV-data will 
be used to describe the spatial heterogeneous flow 
field as well as near bed turbulence. Additional in-
formation on plant flexibility is available from 
photographs taken with a submersible camera. 
This information can be used to determine the 
drag coefficient CD for single plants within the ca-
nopy and hence to develop methodologies for the 
estimation of vegetative drag as a function of 
plant specific parameters. Such data is a prerequi-
site for the adequate estimation of bed shear stress 
which, as shown in this study, is an important pa-
rameter in vegetated flows. 
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Index spacing 
[m] 
pattern No. of 
DFS 










30S 0.30 staggered 8 6 0.097 - 0.924 0.249 - 0.198 23.15 – 93.3 0.155 – 0.78
30L 0.30 in-line 8-9 5 0.094 – 0.698 0.247 – 0.204 26.5 - 88 0.179 – 0.72
20S 0.20 staggered 10 6 0.183 – 1.5 0.259 – 0.205 20.7 - 81 0.13 – 0.66
20L 0.20 in-line 10 7 0.14 – 1.447 0.254 – 0.204 20 - 86.6 0.13 – 0.706
15S 0.15 staggered 8-9 5 0.227 – 1.73 0.25 – 0.216 16.5 – 66.4 0.11 – 0.512
15L 0.15 in-line 7-8 5 0.428 – 1.91 0.251 – 0.217 30 - 80 0.20 – 0.615
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